While in service, marine risers are subjected to various types of loads, such as axial tension and bending moments arising from waves, winds, and currents in association with the motions of the offshore platform. They are also subjected to internal and external pressure loads caused by internal flows and external water pressure. The characteristics of the loads on a marine riser are essentially probabilistic in nature, as they involve several uncertainties associated with random variables. The aim of this study is to quantify the probabilistic distribution of loads on a marine riser to aid determination of the nominal values of design loads. Two methods are investigated. The first is to select a set of credible scenarios in association with site-specific metocean data on an offshore platform, and then perform dynamic riser analysis to describe the probabilistic distribution of the loads. The second is to calculate a metamodel to predict the loads as a function of multiple input variables, a method that can also characterize the probabilistic load distribution by running a Monte Carlo simulation. Both approaches are compared via a numerical example of a marine drilling riser in ultra-deep water; the results show that metamodel-based method is the most appropriate to describe neatly the loads at low probability of exceedance. The characteristics of the loads on a marine riser are observed to be highly random and significantly affected by environmental and functional conditions. Hence, the design loads must be determined by considering the marginal probabilistic density function of all such parameters.
Fig. 1. Typical marine drilling riser operated from a semi-submersible drilling vessel in (a) connected and (b) disconnected mode.
A number of useful studies are reported in the literature. Y. Wang et al. ( , 2014a Wang et al. ( , 2014b ) studied the mechanics of marine drilling risers during installation. Mao et al., (2016 Mao et al., ( , 2015 studied the mechanics of marine drilling risers in site and Vortex Induced Vibrations (VIV) as well. Tensioner systems that are relevant for the dynamics of top-tensioned risers have been studied by Guimarães Pestana et al. (2016) and Lee et al. (2015) . Wei et al. (2012) employed the experimental method to analyze the hydrodynamic performance of a floating drilling production storage and offloading unit connected to a riser. Connaire et al. (2015) develop a method to predict riser response with coupled axial, bending and torque deformations. Dong et al. (2013) derived the equations that describe the connection of a flexible riser to a floating production system. J. Wang et al. ( , 2014 studied the quasi-static response of steel lazy-wave risers. Li and Low (2014) studied low-frequency fatigue of steel catenary risers. Dynamics of the sagbend region of steel catenary risers has been addressed by Katifeoglou and Chatjigeorgiou (2015, been investigated by Liu et al. (2013) for grounding and by Chen et al. (2016 Chen et al. ( , 2014 for coiled-tubing loads. Bai et al. (2015) , Baker and Liddle (2015) , Clarke et al. (2011) and Costache et al. (2016) have studied the use of flexible pipe on risers. Y. , Pham et al. (2016) , Sun et al. (2014) and Zhang et al. (2015) studied the use of composite materials for the fabrication of risers. Special attention has been paid to VIV; W. Chen et al. ( , 2014 ) studied coupled floater motions and VIV; Gu et al. (2013b) and Josefsson and Dalton (2010) focused on the development of analytical models to assess VIV; Ma and Spencer (2014) , Wang and Xiao (2016) , Xu and Cater (2016) employed numerical methods; Gu et al. (2013a) employed towing tank experiments; and Park et al. (2015) studied the use of helical strakes to suppress VIV, whilst Dai et al. (2015) opted for the use of time-delay feedback controller. Riser parametric excitation has received plenty of attention; Kuiper et al. (2008) and Y. studied single frequency parametric excitation, and Yang et al. (2016 Yang et al. ( , 2013 and Yang and Xiao (2014) studied multi-frequency parametric excitation.
Furthermore, scholars have dealt with long-term distribution of loads. Farnes and Moan (1993) employed a metamodel-based approach to investigate long-term flexible riser response. Gao and Low (2016) and Shi et al. (2014) have proposed methods for long-term riser fatigue analysis. Li and Low (2012) studied fatigue on steel catenary risers and (Nazir et al., 2008) did so for top-tensioned risers. Mousavi et al. (2016) proposed a simplified method for reliability analysis of steel catenary risers. Low and Srinil (2016) investigated the riser reliability associated to VIV. Xiao and Yang (2014) employed a reliability analysis to study the parametric instability of top-tensioned risers.
In extreme conditions, risers can fail to sustain the loads exerted on them, with catastrophic consequences. Determining the adequate values of design loads is therefore of paramount importance.
Also, in today's industry practice, reliability analyses are required to evaluate the integrity and system performance of risers in association with the uncertainties inherent in random design variables. In this regard, the quantification of loads in a probabilistic manner is essential.
In this paper, we introduce two methodologies for determining the probabilistic distribution of loads on marine risers. We estimate the probability of the exceedance curves for effective tension, bending moments, and internal overpressure. These loads must account for the uncertainties of site-specific metocean and functional variables, and they must also be compatible with current design and operating practices. First, we propose a dynamic analysis-based method in which the load distribution is estimated from the selection of a relatively few scenarios; we take as reference a previous paper in which loads were estimated for other marine structures (Paik et al., 2015) . In order to improve the upper tail of the distribution, we use a second approach so called metamodel-based method that has already been applied to investigate loads on risers (Farnes and Moan, 1993; Yang and Zheng, 2011) . The novel aspect of this study is that we account for the load reduction during riser disconnection mode in non-permanent systems. Moreover, load probabilistic distribution of marine drilling risers has not been discussed in the literature.
The remainder of this paper is organized as follows. In Section 2, we propose the two methods for determining the probabilistic distribution of riser loads. In Section 3, we solve an applied example of a riser that operates in a harsh, ultra-deep water environment. In Section 4, we compare the results of the two methods, and explore the role of the most influential input parameter. Finally, in Section 5 we offer concluding remarks on the proposed methods.
Methods of quantifying the probabilistic distribution of loads on a marine riser
Two methods of quantifying the probabilistic distribution of loads on a marine riser are considered here. The first is based on dynamic analysis of select riser scenarios, and the second is based on metamodels.
Dynamic analysis-based method
The first and simplest approach is a dynamic analysis method that consists of selecting a sufficient number of credible scenarios to account for a random environment and then performing time-domain dynamic analyses. This method is inspired by the ideas proposed by Paik et al. (2015) , who used similar methodology to investigate sloshing loads on liquefied natural gas floating production, storage, and offloading units (LNG FPSOs). The method's procedure is described in Fig. 2 , delimited by the dotted line. 
Selection of scenarios
Given that it is not feasible to perform an infinite number of dynamic analyses, we select credible scenarios that characterize the probabilistic distribution of the input variables and the riser response. We choose the site-specific metocean conditions that determine such dynamic riser responses as the significant wave height, wave mean zero crossing period, wind speed, and current speed and the direction of each of these environmental forces. Moreover, the riser motions can be influenced to a large degree by the functional conditions. Therefore, we account for the uncertainties in riser top-tension, which strongly influence system stiffness; internal fluid density, which can modify the mass of the structure; and the stiffness of the dynamic positioning (DP) system, which plays as essential role in the floater's horizontal offset around its main position. All input parameters are described by their marginal probability density function (PDF).
We adopt Latin hypercube sampling (LHS) to select a representative number of scenarios. LHS is a popular sampling method in the design of computer experiments, and it has been successfully employed to generate risk assessment scenarios for offshore facilities (Paik et al., 2011; Seo et al., 2013 ). An indepth discussion of LHS can be found in Fang et al. (2006) , and Shields and Zhang (2016) .
Time-domain analysis in connected mode
Time-domain dynamic riser analysis is performed for each scenario using ANSYS Aqwa to obtain time series of the motions and loads. At the first stage, the hydrodynamic properties of a floating offshore platform are calculated by means of a 3-dimensional panel method based on potential theory in frequency domain. Next a time-domain simulation of 3 hours' physical time is executed in the riser connected mode, as illustrated in Fig. 1(a) . Such a structure is subjected to irregular waves defined by a Pierson-Moskowitz spectrum, constant wind speed, linearly sheared current, and random floater motions. The direct hydrodynamic forces acting on the riser comprise Morison inertia forces from waves and Morison drag forces from waves and the current.
For drilling risers, the connected mode allows communication between the wellhead and the offshore platform during drilling operations. Furthermore, drilling mud is circulated through the riser to the well to achieve bottom hole stability by counteracting the formation pressure. For production risers, hydrocarbons or water are the fluids conveyed, and therefore the degree of external pressure is normally higher than that of internal pressure.
Time-domain analysis in disconnected mode
We then identify scenarios in which a permanent riser has to operate in disconnected mode. We compare the connected analysis results for a drilling riser against the API RP 16Q (American Petroleum Institute, 1993) design and operating guidelines (method B). A drilling riser would not be able to operate in scenarios that do not fulfill the stated criteria, and we therefore need to update their dynamic analysis in disconnected mode. This new condition significantly reduces the loads on the marine riser because its slender structure is no longer subjected to constraint at the bottom end, and flooding of the main conductor makes the internal pressure match the external pressure. A riser in disconnected mode is illustrated in Fig. 1(b) .
When an offshore platform is about to face a severe storm, planned riser disconnection procedures are implemented. When a severe storm hits inadvertently, however, emergency disconnection takes place if the vessel offset becomes excessive. In this situation, the blowout preventer secures the well, and the riser is quickly disconnected from the preventer. The drilling mud is then released into the ocean, which has negative consequences for the environment, but protects the facility from more dangerous circumstances.
Some production risers are also designed to be disconnectable to reduce potential loads. For risers of a permanent character, this step should be omitted.
Best-fit probabilistic distribution
We have now obtained time series of loads in the connected and disconnected mode. The next step is to extract the maximum values of the effective tension, associated bending moment, and static internal overpressure for each scenario. Drilling risers are classified as top-tensioned risers, which means that tension is more relevant than bending. For compliant risers, we can choose the maximum bending moment with associated effective tension, depending on which load dominates the riser response. With regard to pressure, the conveyed drilling mud has a higher density than seawater, and there is therefore net internal overpressure, defined as the difference between the internal and external pressure. Here, we neglect the dynamic component that stems from irregular waves. However, external overpressure may be of greater importance for production risers.
Finally, we are able to obtain the best-fit probabilistic distribution for each of the loads by combining a goodness-of-fit test with the Kolmogorov-Smirnov test. The candidate distributions comprise exponential, gamma, lognormal, normal, Weibull, and 3-parameter Weibull distributions. Further details of the statistical analysis can be found in Paik et al. (2004) .
Metamodel-based method
The metamodel-based method is essentially devised with the purpose of validating the dynamic analysis-based method. Hence, rather than selecting a few credible scenarios, we perform Monte Carlo simulation (MCS) to sample a large number of input random variables for a metamodel that describes the load. This method relies on the dynamic analysis-based method because it requires the LHS factors and responses that determine the metamodel. The procedure for applying this approach is summarized in Fig.   2 delimited by the dash-dotted line.
Ranking importance of variables
We make use of scatter plots and interaction effect plots of the input variables versus load to assess which parameters should be included and which can be neglected in the metamodel. More sophisticated ranking procedures are explained in Fang et al. (2006) .
Metamodel selection and computation
Let us consider input variables and load response . There must be a function that, in practice, is difficult or impossible to derive. However, we can use a metamodel that is an approximate function ̂ to describe in the domain of interest. To construct a metamodel, we first need to apply a sampling technique to the scenarios, obtain the desired responses through time-domain dynamic riser analysis, and obtain the maximum or associated load. Then, the selected scenarios provide the metamodel with the necessary information to predict the loads at unknown points.
There are various types of metamodels, including Kriging models, polynomial regression models, local polynomial regression, multivariate spline and wavelets, Bayesian methods, and neural networks (Fang et al., 2006) . Yang and Zheng (2011) concluded that the Kriging metamodel is more accurate than the polynomial for nonlinear riser stress-related problems. Accordingly, we use the Kriging metamodel computed by means of the ooDACE Matlab toolbox (Ulaganathan et al., 2015) .
Monte Carlo simulation of loads
We perform MCS to sample the random input variables of the load metamodel. Then, frequency analysis of the results allows us to readily obtain the PDF and probability of exceedance curve of any load, with accuracy that improves with the number of simulations.
Numerical example
In this section, we propose an applied example to illustrate the application of the two methods discussed above.
Riser and semi-submersible drilling vessel characteristics
We investigate the loads on a marine drilling riser system that is operated from a semi-submersible drilling vessel in a harsh environment and water of 3000 m in depth, as sketched in Fig. 1 . In such conditions, the design is driven by the bursting failure mode because of the large drilling fluid column. A riser made of X-80-grade steel with a 21-inch main conductor outer diameter is considered, with the properties extracted from Permana (2012) , as listed in Table 1 . The marine riser hangs from a semisubmersible drilling vessel that possesses the typical dimensions of an ultra-deep water drilling rig, as indicated in Table 2 and illustrated in Fig. 1 . 
Application of dynamic analysis-based method
We explore the influence of the 11 random variables as listed in Table 3 . The uncertainty in sitespecific metocean data is accounted for by variables , …, , which describe the waves, wind, and current in North Atlantic conditions for worldwide operation. The directional spreading of the sea is approximated by introducing a directional function (Det Norske Veritas, 2010) . One of the advantages of using sampling techniques is the methodological selection of environmental force directions.
It is assumed that the PDFs of the functional conditions are uniformly distributed. The lower and upper limits of internal fluid density are taken from the typical mud characteristics in the drilling data handbook (Institut Français du Pétrole, 1999) , and the stiffness in the surge and sway of the DP system is selected to achieve natural periods that range between 100 s and 200 s, which are typical values for this type of station-keeping system (Faltinsen, 1990) . Variable is a factor that multiplies the minimum top-tension and must be larger than 1. After running LHS, we perform time-domain dynamic riser analysis for each scenario. An example of the time series of loads is given in Fig. 3 . operating limits. As we find that the riser would not be able to fulfill its mission in six of the scenarios, the dynamic analysis is repeated for those ones in disconnection mode. From the corrected time series of the 50 scenarios, we obtain the loads at the top riser joint, where the effective tension is greatest, and at the bottom riser joint, where the internal overpressure can lead to riser failure through bursting.
Fig. 4. Check of the limit operating conditions for the 50 scenarios as per API RP 16Q.
Hereinafter, we distinguish random riser loads with the following nomenclature: for the effective tension at the top riser joint, for the effective tension at the bottom riser joint, for the bending moment at the top riser joint, for the bending moment at the bottom riser joint, for the internal overpressure at the top riser joint, and for the internal overpressure at the bottom riser joint. The 50 selected scenarios and effective tension loads are summarized in Fig. 5(a) . This graph presents rich information on the input 14 parameters and responses involved. The elements on the diagonal show the histogram for each variable.
For example, the first element in the figure shows the histogram for variable , which is plotted in more detail in Fig. 5(b) .
Elements outside the diagonal in Fig 5(a) present scatter plots that reveal the interaction between a variable in one row and that in a particular column. Particular attention should be paid to the last two rows and last two columns, which display the relation between discrete input parameters , …, and discrete loads and . For instance, we can observe a positive correlation between variables and , whereas there is a low degree of correlation between variables and because the data points are dispersed. Fig 5(c) presents an example of load as a function of input parameter , which corresponds to element (12,1) in Fig. 5(a) .
Fig 5. Summary of 50 scenarios: (a) scatter plots of input parameters and effective tension loads, (b)
histogram of input parameter , and (c) scatter plot of input parameter versus load .
Application of metamodel-based method
In applying the metamodel-based approach, we use the data from the dynamic analysis-based method. The effect plots in Fig. 6 show the importance of the input parameters. Graphs are constructed for each input variable by sorting each vector of values in ascending order and then dividing them into three groups. Hence, the plots show the mean value for each group and the mean response. For example,
we can see that parameter against response covers a wider range of response values than the other parameters, and therefore is the most important parameter for .
It can also be seen from Fig. 6 that parameters , , and , which describe the direction of the environmental forces, are the least important. We thus exclude them from the rest of the analysis.
Fig 6. Main effect plots for responses at the top riser joint (blue) and bottom riser joint (red).
Then we compute a Kriging metamodel for each load as a function of eight input parameters. It can be seen from Fig. 7 that the predicted loads exhibit a nonlinear response. Here, the metamodels are named , …, , with sub-indexes matching those of the represented loads. The cross-validation in Fig. 8 confirms that the computed metamodels are able to reproduce the loads at the known points, and we therefore expect them to also perform well at interpolating the unknown points. The probabilistic distribution of the loads can subsequently be easily obtained via MCS. 
Results and discussion
In this section, we discuss the derived probabilistic distribution of the riser loads. The influence of the PDF of internal fluid density is also addressed.
Quantified probabilistic distribution of riser loads
For the dynamic analysis based method, Fig. 9 presents the data and probabilistic distributions that fulfill the best-fit functions. It can be observed that although the chosen distributions perform well for most of the sample points, they tend to overestimate the loads at a low exceedance probability. The bending moment at the bottom riser joint in Fig. 9 (d) seems to be the exception. . These PDFs cannot be predicted by the best-fit distributions in the dynamic analysis-based method. In general, the PDF of a load in the metamodel approach exhibits high density at the middle of the distribution, which consequently reduces the density at its upper tail.
Fig. 10. Scatter plots of dynamic analysis-based method (black) and metamodel based-method results after MCS (green).
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The exceedance curve probabilities obtained from the two approaches are compared in Fig. 11, which shows a reasonable degree of agreement between them for probabilities of exceedance higher than 0.8, but marked deviation for lower exceedance probabilities. Again, it is quite evident that the dynamic analysis-based method overrates extreme loads.
Fig. 11. Comparison of load probabilities of exceedance for dynamic analysis-based method versus
metamodel-based method.
the marine drilling riser. Remember that the riser is disconnected when operating guidelines are not fulfilled, and the probabilistic distribution consists of two overlapping processes: riser loading in the connected mode and loading in the disconnected mode. Moreover, this condition implies that the load cannot grow monotonically as a function of increasing the input parameters (see Fig. 7 ). Similar findings can be found in the literature; for example, Farnes and Moan (1993) observed that the Weibull distribution produces an over-conservative prediction of the loads on a permanent flexible riser system because of increased drag damping.
Influence of internal fluid density
It is well known that internal fluid density exerts a key influence on the responses of top-tensioned risers and compliant risers, which is confirmed in Fig. 6 . We also investigate other distributions of , as illustrated in Fig. 12 . Care is exercised in using distributions that do not fall far from the known values to ensure the validity of the computed metamodels.
Fig 12. Distributions used to investigate the influence of internal fluid density.
The resulting exceedance curves from MCS with 100,000 observations for each distribution are graphed in Fig. 13 . It can be seen that there is little difference between the results for the uniform and normal distributions. However, the triangular and generalized extreme value type III distributions result in higher loads of the same probability of exceedance for effective tension and internal overpressure, whereas opposite results apply to the bending moment. Fig 13. Influence of the probabilistic distribution of internal fluid density calculated using the metamodelbased method.
Conclusions
The aim of the present study has been to identify the probabilistic characteristics of loads on a marine riser. Two methods of quantifying the probabilistic distribution of loads on marine risers are proposed herein. The first uses an efficient sampling technique to obtain scenarios, and then performs time-domain dynamic analysis and statistical analysis to fit a probabilistic distribution to the loads. The second requires the accomplishment of the first, then constructs a metamodel and applies MCS to derive the probabilistic distribution of the loads. A numerical example is presented to illustrate the application of both methods.
We find that the dynamic analysis based method gives over-conservative probabilistic load distribution, with an upper tail that extends to higher design values than the loads predicted by the metamodel-based method. Therefore, we are skeptical about using the dynamic analysis-based approach in reliability analysis. However, as this method is simpler than the second one, it may be possible to apply it in the early design stages, and then later update the calculations using the metamodel-based method.
Examination of the input random variables shows the internal fluid density exerts a major influence on the loads of a marine riser; nevertheless, its distribution seems to have little effect on the probabilistic distribution of the loads. For instance, a wider discrepancy in the load distributions is obtained by using one or the other method than by changing the probabilistic distribution of the internal fluid density.
The numerical example demonstrates the effectiveness of riser disconnection measures in reducing design loads, particularly when using the metamodel-based method.
